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An isolated bacterium, identified as a new Sphingomonas species, was demonstrated to contain a novel
enzymatic pathway which acted on microcystin LR, the most common cyanobacterial cyclic peptide toxin.
Degradation of microcystin LR was mediated by at least three intracellular hydrolytic enzymes. The use of
classic protease inhibitors allowed (i) the classification of these enzymes into general protease families and (ii)
the in vitro accumulation of otherwise transient microcystin LR degradation products. The initial site of
hydrolytic cleavage of the parent cyclic peptide by an enzyme that we designate microcystinase is at the
3-amino-9-methoxy-2,6,8-trimethyl-10-phenyl-deca-4,6-dienoic acid (Adda)–Arg peptide bond. Two intermedi-
ates of microcystin LR enzymatic degradation have been identified; one is linearized (acyclo-) microcystin LR,
NH2–Adda–Glu(iso)–methyldehydroalanine–Ala–Leu–b-methylaspartate–Arg–OH, and the other is the tet-
rapeptide NH2-Adda-Glu(iso)-methyldehydroalanine-Ala-OH. The intermediate degradation products were
less active than the parent cyclic peptide; the observed 50% inhibitory concentrations for crude chicken brain
protein phosphatase were 0.6 nM for microcystin LR, 95 nM for linear LR, and 12 nM for the tetrapeptide.
These linear peptides were nontoxic to mice at doses up to 250 mg/kg. Ring opening of the potent hepatotoxin
microcystin LR by bacterial microcystinase effectively renders the compound nontoxic by dramatically reduc-
ing the interaction with the target protein phosphatase.

Microcystins are a group of cyclic heptapeptide hepatotoxins
produced by cyanobacteria belonging to the generaMicrocystis,
Anabaena, Nostoc, and Oscillatoria (5). Structural variants of
microcystin, most of which are highly toxic, contain different
amino acids at two nonconserved positions in the cyclic hep-
tapeptide and demethylated or acetylated amino acid residues.
Almost 50 variants of microcystin have been identified, and
several others have yet to be fully characterized (24, 28). The
most common of these, microcystin LR, has the structure cy-
clo-D-alanine–L-leucine–erythro-b-methyl-D-isoaspartic acid–L-
arginine–Adda–D-isoglutamic acid–N-methyldehydroalanine
(Mdha), where Adda is the novel amino acid 3-amino-9-me-
thoxy-2,6,8-trimethyl-10-phenyl-deca-4,6-dienoic acid (3, 5,
15).
The molecular basis of the toxicity of the microcystins is

inhibition of hepatocyte protein phosphatases 1 and 2A (17,
29). This causes cytokeratin hyperphosphorylation which leads
to microfilament disassembly, cell rupture, and hemorrhaging
of the liver in vivo in mammals (8). Of significant concern is the
possibility that chronic exposure to low concentrations of mi-
crocystins in drinking water supplies may promote tumor
growth in the human liver (4, 7, 21, 27).
Investigations into the persistence and degradation of these

cyanobacterial toxins are becoming increasingly important as
the significance and frequency of cyanobacterial blooms in
domestic water supplies increase and the potential long-term
health effects become clearer. In a recent study, we demon-
strated that microcystin LR persisted in surface waters for 2
weeks before endemic bacterial populations degraded the tox-

ins, and small amounts were still detectable even after more
than 1 month (13). Further work resulted in the isolation of a
single bacterial strain that utilized microcystin LR as a sole
source of carbon and nitrogen for growth (11). Tentatively
identified previously as a Pseudomonas sp., this bacterium has
now been correctly classified as a new Sphingomonas species
(unpublished data). Cell extracts (CE) of this strain contained
an enzyme activity, referred to as microcystinase activity, that
degraded microcystin LR and RR in vitro, but not the closely
related pentapeptide nodularin. Enzyme activity was expressed
constitutively when the bacterium was grown on medium con-
taining peptone and yeast extract or glucose and yeast extract.
It has been demonstrated previously that microcystin can be

degraded by complex natural populations of microorganisms
from diverse ecosystems, such as sewage effluent (16), lake
sediment, and water (13, 23). However, nothing is known about
the dynamics of this degradation process in terms of the path-
ways followed or enzymes involved. In this paper we describe
the partial characterization of a mixture of hydrolytic enzymes
from the Sphingomonas strain mentioned above and identify
intermediate products which support the proposition that
there is a metabolic pathway for the metabolism of microcystin
LR.

MATERIALS AND METHODS

Strain growth and maintenance. Because of the difficulty and cost of purifying
large quantities of microcystin, the Sphingomonas strain was routinely main-
tained on peptone-yeast extract medium as a way to conserve microcystin LR.
Microcystinase activity was expressed constitutively on this medium (11). The
strain has been deposited in the Australian Collection of Microorganisms as
strain ACM 3962.
CE preparation. Cultures of the bacterial strain were inoculated into peptone-

yeast extract medium and incubated overnight at 278C. The cultures were har-
vested in the late logarithmic (growth) phase and centrifuged to obtain a pellet,
the supernatant was decanted, and an equal volume of 0.05 M potassium phos-
phate buffer (pH 6.90) was added. The cells were resuspended and repelleted,
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and the supernatant was discarded. This washing protocol was repeated three
times. The resuspended cells were sonicated at 48C with a Braun Labsonic L
sonicator (output, 150 W). The cell debris was pelleted by centrifugation at
18,000 rpm for 20 min in a Beckman model J21 centrifuge equipped with a model
JA 20 rotor at 48C, and the CE was decanted and used for the enzyme activity
assays.
Enzyme activity assays. Enzyme assays were performed by using 0.25 ml of CE

and microcystin LR at final concentrations ranging from 25 to 75 mM. Micro-
cystin LR was purified from an Australian bloom of Microcystis aeruginosa as
described previously by Jones et al. (11). Phosphate buffer (see above) was used
to make the assay volume up to 1.5 ml. All assay mixtures were prepared in
1.5-ml Eppendorf tubes (on ice), vortexed, and incubated at 308C in a water bath.
Samples (200 ml) were removed periodically, centrifuged at 15,000 rpm (Beck-
man Microfuge E centrifuge) for 5 min at 48C, and then analyzed by high-
performance liquid chromatography (HPLC), using standard conditions as de-
scribed below.
Enzyme inhibition. Enzyme inhibitors were prepared as follows (22). Leupep-

tin (Sigma) purified from Streptomyces roseus was prepared freshly as a 10 mM
stock solution in Milli-Q water and was used at an assay concentration of 100
mM. 1,10-Phenanthroline (Sigma) was prepared as a 200 mM stock solution in
methanol and was used at assay concentrations of 1 and 10 mM. L-trans-Epoxy-
succinyl-leucylamide-(4-guanidino)-butane (E-64) (Sigma) was prepared as a 10
mM stock solution in Milli-Q water and was used at an assay concentration of
100 mM. Pepstatin (Sigma) was prepared as a 10 mM stock solution in dimethyl
sulfoxide and was used at an assay concentration of 100 mM. Phenylmethane-
sulfonyl fluoride (PMSF) (Sigma) was prepared as a 200 mM stock solution in
dimethyl sulfoxide and was used at an assay concentration of 1 mM. Benzamidine
hydrochloride (Aldrich) was prepared as a 100 mM stock solution in Milli-Q
water and was used at an assay concentration of 1 mM. Trypsin inhibitor (from
soybean; Sigma) was prepared as a 15-mg/ml stock solution, in Milli-Q water and
was used at an assay concentration of 1 mg/ml. EDTA was prepared as a 100 mM
stock solution in water and was used at assay concentrations of 1 and 10 mM.
In most cases the CE (0.25 ml), buffer, and required inhibitor were preincu-

bated at 308C for 2 h; the only exception was the preparation containing PMSF,
which was preincubated for 30 min. Then microcystin LR was added, and the
preparations were vortexed. Samples (200 ml) were periodically removed, and
100 ml of each sample was injected onto the HPLC system by using standard
conditions.
Microcystin analysis.Microcystin LR and its degradation products were quan-

tified by reverse-phase HPLC (Waters) by using a Spherisorb ODS-2 C18 column
(5 mm; 250 by 4.6 mm; Alltech). The mobile phase consisted of 20% acetonitrile
in 8 mM aqueous ammonium acetate. The acetonitrile content was raised to 35%
with a 20-min linear gradient. Further details of the HPLC system used have
been described previously by Jones et al. (11).
Preparation and purification of degradation products A and B. PMSF was

added to 10 ml of standard CE (after sonication 16 times [5 s each]) to give a final
concentration of 1 mM. After equilibration of the extract at 308C, microcystin LR
was added to a final concentration of 140 mM. The solution was frozen after the
assay established that microcystin LR had disappeared and that degradation
product A was present in approximately stoichiometric amounts. A similar
method was used for the preparation of degradation product B, except that
EDTA (1 mM) was used as an inhibitor.
The degradation products were purified by preparative HPLC by using a

Waters mBondapak C18 column (150 by 19 mm). The optimum conditions used
for the system for baseline separation of peaks were an isocratic run of 28%
acetonitrile–ammonium acetate at a flow rate of 4.5 ml/min and detection at 240
nm.
Assay vials containing either degradation product A or degradation product B

were thawed and filtered (pore size, 0.2 mm) before injection onto the column.
Samples (400 ml) of each extract were manually injected onto the preparative
HPLC system described above, and the fraction corresponding to each degra-
dation product was individually collected. The pooled fractions for product A or
B were separately desalted by using a glass column (inside diameter, 25 mm)
packed with 1 g of Waters Preparative C18 medium (125 Å [12.5 nm]; mesh size,
55 to 105 mm). The column was prewashed with 1 column volume of methanol
and 3 column volumes of Milli-Q water. The fractions were diluted with Milli-Q
water to a volume of 100 ml, passed through the preparative C18 column, and
washed once with 10 ml of Milli-Q water and once with 10 ml of 30% methanol.
The degradation products were eluted four times with 5 ml of 100% methanol
and pooled. Samples were analyzed by HPLC to confirm the presence and purity
of the degradation product. Concentration of the samples was performed by
rotary evaporation at 408C.
Amino acid analysis. The parent microcystin and degradation products A and

B were separately hydrolyzed in 6 M HCl at 1058C under a vacuum for 24 h prior
to amino acid analysis. The released amino acids were precolumn derivatized
with phenylisothiocyanate to produce the phenylthiocarbamyl amino acids. The
derivatives were applied to a Beckman Ultrasphere PTH 5-mm C18 column (250
by 4.6 mm), which was run at 458C. Solvent A consisted of 0.14 M sodium acetate
(pH 6.45) containing 0.5 ml of triethylamine per liter and 0.2 mg of EDTA per
liter. Solvent B consisted of 60% acetonitrile and 40% water. The derivatives
were eluted over an 18-min period with a 0 to 46% solvent B linear gradient. The
flow rate was maintained at 1 ml/min.

Ion spray mass spectrometry (MS). A triple-quadrupole mass spectrometer
(model API III; Sciex, Thornhill, Ontario, Canada) was used in this investigation.
A pneumatically assisted electrospray (ion spray) interface was used for sample
introduction into the atmospheric pressure ionization source of the mass spec-
trometer. The interface sprayer was operated at a positive potential of 5.6 kV.
Positive ions generated by the ion evaporation process entered the analyzer of
the mass spectrometer through an interface plate and subsequently through a
100-mm hole in the sampling orifice. To aid desolvation of highly charged drop-
lets and to prevent particulate matter from entering the analyzer region, a
curtain gas of ultrapure nitrogen (1 to 2 liters/min) was applied between the
interface plate and the sampling orifice. The analyzer region of the mass spec-
trometer was kept at 2 3 1025 torr (ca. 267 3 1025 Pa) by using a helium
cryopump.
Full-scan single MS experiments were performed by scanning quadrupole 1

from mass/charge ratio (m/z) 100 to m/z 1,200. For tandem (MS-MS) experi-
ments, collision-induced dissociation (CID) of the parent precursor ion was affect-
ed by bombardment with ultrapure argon. Bombardment was carried out in
quadrupole 2 with a collision cell gas thickness of 300 3 1012 atoms per cm and
the collision energy (Q-2 rod offset voltage) typically set at 220 V. The resulting
CID (product ion) spectra were obtained by scanning quadrupole 3 fromm/z 100
to m/z 1,200.
Liquid chromatography-MS was performed by introducing the liquid chroma-

tography eluent directly into the mass spectrometer ion source through a fused
silica capillary (50 cm by 75 mm [inside diameter]). Degradation products A and
B were analyzed by a combination of single MS, MS-MS, and liquid chromatog-
raphy-MS. Data were entered into an Apple Macintosh IIfx computer and were
processed by using the software package MacSpec (Sciex).
Protein phosphatase inhibition assay. Inhibition of crude chicken brain pro-

tein phosphatase was determined by using the radioassay ([g-32P]ATP) method,
as described previously (13).
Mouse bioassay. Intraperitoneal injection of purified microcystin LR and

degradation products into adult white mice was performed by Mandy Choice,
University of New England, who used previously described methods (12).

RESULTS

Enzyme and inhibitor studies. In our earlier experiments
(11), microcystin LR degradation assays were carried out with
Sphingomonas CE in phosphate buffer only. In those assays,
loss of microcystin LR was observed in HPLC chromatograms,
and no new peaks corresponding to the formation of interme-
diate breakdown products of microcystin LR were observed.
The rate of microcystin loss was shown to be directly propor-
tional to the volume of added CE, which is consistent with an
enzymatically mediated process.
Evidence for the involvement of more than one enzyme in

the degradative pathway was first obtained from experiments
intended to assess the role of periplasmic enzymes in the deg-
radative process. These experiments required the addition of
EDTA to enhance release of periplasmic proteins. Although
little activity was found in the periplasmic fraction, control
assays (performed with complete CE and EDTA) revealed the
transient appearance of one intermediate product and the sta-
ble accumulation of a second. These intermediates can be seen
clearly as separate peaks in time sequence HPLC chromato-
grams and were designated degradation products A and B
(Fig. 1).
To confirm and characterize the formation of degradative

intermediates, assays were carried out with a range of common
protease inhibitors, which were incubated with CE prior to
addition of microcystin LR. These enzyme inhibitors also pro-
vide a crude method which can be used to classify the proteases
assumed to be present in the CE into general families (22).
Addition of the inhibitors benzamidine (1 mM), leupeptin (100
mM), E-64 (100 mM), pepstatin (100 mM), and soybean trypsin
inhibitor (1 mg/ml) had no effect on microcystin LR degrada-
tion. Inhibitory effects were observed with 1,10-phenanthroline
(10 mM), which caused .90% inhibition of microcystin LR
degradation. 1,10-Phenanthroline at a lower concentration (1
mM) and EDTA at concentrations of 10 and 1 mM did not
significantly inhibit the primary degradation reaction, but these
compounds completely inhibited a subsequent degradation re-
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action(s), resulting in transient accumulation of product A and
apparent stoichiometric accumulation of product B (assuming
that the molar absorptivity of the degradation products is sim-
ilar to that of the parent microcystin LR) (Fig. 1). Addition of

PMSF (1 mM), an inhibitor of all serine proteases and some
cysteine proteases (22, 26), resulted in the accumulation of
only degradation product A.
Identification of intermediate degradation products. Degra-

dation products A and B had UV spectra that were very sim-
ilar, although not identical, to the UV spectrum of the parent
microcystin LR. The lmax of degradation product A was 234
nm (compared with a lmax of 238 nm for microcystin LR), and
product A had a slightly higher relative A200 (Fig. 2A). Simi-
larly, degradation product B had a lmax of 234 nm, but a slight-
ly lower A200 than microcystin LR (Fig. 2B). The 4,6-conju-
gated diene of the Adda amino acid side chain on microcystin
contributes to the characteristic spectrum and is an important
determinant of the retention and elution characteristics of
microcystin LR in reverse-phase HPLC analysis (11). Removal
of Adda or destruction of its diene conjugated double bond
would produce a compound which is UV transparent at 210
to 240 nm. We concluded, therefore, that following enzyma-
tic modification of microcystin, the Adda side chain remained
intact.
Total amino acid determination and ion spray MS (single

and triple quadrupole) were used to identify the degradation
products. Milligram amounts of degradation products A and B
were enzymatically prepared by using appropriate inhibitors
and were purified by preparative reverse-phase HPLC, as de-
scribed previously.
The quantitative results of the amino acid analysis are pre-

sented in Table 1. Alanine was used for normalization, and the
results are presented as apparent molar ratios relative to ala-
nine. The amino acids glutamate, alanine, arginine, and leu-
cine were identified in total amino acid digests of pure micro-
cystin LR, as expected. A peak identified as b-methylaspartate
(Masp) by comparison with the results of Harada et al. (10)
was also detected. The Adda residue was not observed in the
standard amino acid analysis, while the Mdha residue was

FIG. 1. HPLC chromatograms at time zero (a), 1 h (b), 3 h (c), 8 h (d), and
20 h (e), illustrating degradation of microcystin LR incubated with CE in the
presence of EDTA (1 mM). Transient formation of degradation product A
occurs before accumulation of degradation product B. As shown previously by
Jones et al. (11), the rate of breakdown of microcystin LR was proportional to
the CE concentration. In this experiment, an approximately 1/10 dilution of CE
was used, which resulted in slower formation of degradation products.

FIG. 2. UV absorption spectra between 200 and 300 nm for microcystin LR
and degradation product A (A) and for microcystin LR and degradation product
B (B). Spectra were obtained at 5-nm intervals, and the y axis is normalized
absorbance.
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converted to methylamine and was only a minor peak, which is
consistent with the results of previous studies (10, 19). Degra-
dation product A contained the five major amino acids found
in microcystin LR, whereas only glutamate and alanine were
identified in degradation product B.
The ion spray mass spectral analysis of microcystin LR re-

vealed a major ion at m/z 995.4, corresponding to the [M1H]1

protonated molecular ion (10, 19). Whereas little fragmenta-
tion was observed with the parent (cyclo-) microcystin LR,
degradation products A and B showed significant fragmenta-
tion, suggesting that they were hydrolyzed linear (acyclo) prod-
ucts of microcystin LR.
Degradation product A exhibited a protonated molecular

ion at m/z 1,013.5 and a base peak at m/z 862.0. This, in con-
junction with the results of the amino acid analysis, indicated
that product A was hydrolyzed (i.e., linearized) microcystin
LR ([M1H2O1H]1). A peak at m/z 507 was consistent with
the [M1H2O12H]21 structure, while a peak at m/z 1,127.5
was consistent with the trifluoroacetic acid (TFA) adduct
[M1H2O1H1TFA]1. The peak at m/z 862.0 (M-151) corre-
sponds to the loss of the terminal phenylethylmethoxy group
from Adda (M-135), a common loss fragment of microcystins
(19), plus the amino NH2 group from Adda due to a radical
fragmentation rearrangement. The presence of this ion is thus
indicative of the linear microcystin product containing N-ter-
minal Adda.
Degradation product B exhibited a protonated molecular

ion at m/z 615 with a minor peak at m/z 598. An [M1H]1 ion
at m/z 615 was consistent with the loss of Arg-Masp-Leu from
hydrolyzed (acyclo-) microcystin LR ([M1H2O1H]1, 1,013)
and was also consistent with the amino acid analysis data. The
ion at m/z 598 corresponds to the loss of ammonia from deg-
radation product B.
To confirm the proposed structures of degradation products

A and B, an MS-MS fragmentation analysis was performed
with precursor ions m/z 1,013 and m/z 615, respectively. A
series of fragment ions arising from CID of the precursor ion
was recorded for each compound and for microcystin LR (pre-
cursor ion at m/z 995) (Fig. 3 and Tables 2 through 4). The
product ions detected for degradation product A were those
measured previously for linear (acyclo-) microcystin LR by
Choi et al. (6). Ions at m/z 879, 862, 756, and 726 correspond
to various fragment losses from Adda, as shown in Table 3.
The presence of carboxy-terminal arginine was demonstrated
by ionsm/z 571 (Mdha-Ala-Leu-Masp-Arg-OH1 2H) andm/z
488 (Ala-Leu-Masp-Arg-OH 1 2H) compared with ions which
were similar but lacked -OH from microcystin LRMS-MS data
(m/z 553 and 470) (Fig. 3A).
Product B exhibited ions at m/z 509, 425, and 297 (Fig. 3C),

which corresponded to the sequential loss of amino acids (and
the Adda amino group) from the proposed parent compound
Adda-Glu-Mdha-Ala-OH. The presence of alanine at the car-

boxy terminus was demonstrated by the fragment ion at m/z
173, which corresponded to Mdha-Ala-OH 1 2H. This ion is
directly comparable to the ion at m/z 155 (Mdha-Ala) in the
product ion CID spectrum of microcystin LR (Fig. 3A). A
fragment ion at m/z 173, identified similarly as Mdha-Ala-
OH 1 2H, was also reported by Choi et al. (6); this ion was
derived from the related linear heptapeptide Leu-Masp-Arg-
Adda-Glu-Mdha-Ala-OH.
Mass spectral data, together with amino acid analysis data,

indicate that degradation product A was linear (acyclo-) mi-
crocystin LR with an N-terminal Adda moiety [i.e., NH2-Adda-
Glu(iso)-Mdha-Ala-Leu-Masp-Arg-OH] and that degradation
product B was the tetrapeptide NH2-Adda-Glu(iso)-Mdha-
Ala-OH.
Toxicity of degradation products. Mouse bioassay analyses

showed that both degradation products were nontoxic at doses
up to 250 mg kg of mouse21. This compares with a 50% lethal
dose of 50 mg kg21 for (cyclo-) microcystin LR (14). A lack of
larger amounts of purified products prevented mouse dosing at
higher concentrations.
The molecular activity of the two degradation products was

tested by performing an in vitro protein phosphatase activity
assay. Both linear peptide degradation products exhibited sig-
nificantly less activity toward chicken brain protein phos-
phatase than the parent (cyclo-) microcystin LR (Fig. 4). The
observed 50% inhibitory concentrations for linear (acyclo-)
microcystin LR (95 nM) and the linear tetrapeptide (12 nM)
were 160 and 20 times lower, respectively, than the 50% in-
hibitory concentration of microcystin LR (0.6 nM).

DISCUSSION

Previously, we reported that the bacterium isolated from
irrigation drainage water with the ability to degrade the cya-
nobacterial toxin microcystin LR appeared to be a member of
the genus Pseudomonas. Subsequent chemotaxonomic work
has confirmed that the organism is a new species in the genus
Sphingomonas (unpublished data). Although this Sphingomo-
nas sp. was originally isolated by classical enrichment culture
techniques, with microcystin LR as the sole carbon and nitro-
gen source, microcystinase activity was subsequently expressed
constitutively at high levels in cells grown in peptone-yeast
extract medium in the absence of microcystin (11). This at first
seemed a little surprising. However, we now believe that the
microcystin is recognized by the Sphingomonas sp. as an oli-
gopeptide similar to the oligopeptides found in peptone, which
is a complex mixture of linear and, probably, cyclic oligopep-
tides. From the viewpoint of microcystin LR degradation, the
enzymes are present fortuitously and are required for normal
cellular growth and metabolism when the bacterium is grown
on peptone medium.
The appearance of intermediate degradation products A

and B during assays performed in the presence of EDTA
suggested that a suite of enzymes was present in the CE and
that these enzymes acted sequentially to degrade microcystin
LR. From the inhibitor studies, we postulate that at least three
enzymes are involved in the breakdown of microcystin LR.
These are enzyme 1, which catalyzes the conversion of micro-
cystin to product A; enzyme 2, which catalyzes the conversion
of product A to product B; and enzyme 3, which catalyzes the
breakdown of product B.
The combination of mass spectral data, MS-MS data, and

amino acid analysis data enabled us to identify both isolated
degradation products. The MS molecular ions at m/z 1,013 for
product A and at m/z 615 for product B supported the amino
acid analysis data (Table 1) in defining the compounds as

TABLE 1. Apparent amino acid ratios for mycrocystin
LR and degradation products A and B

Compound
Molar ratioa

Glutamate Alanine Arginine Leucine Masp

Microcystin LR 1.20 1.00 0.76 1.07 0.51
Product A 1.20 1.00 0.85 1.11 0.52
Product B 0.69 1.00 —b — —

a The level of alanine was defined as 1.00. Unspecified amino acids are present
at ratios of ,0.05.
b—, not detected.
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linearized (acyclo-) microcystin LR (N-terminal Adda) and the
tetrapeptide NH2-Adda-Glu(iso)-Mdha-Ala-OH, respectively.
The fragment ions in the MS-MS spectra (Fig. 3) for both
compounds could be assigned to predicted or previously re-
ported fragment ions for microcystin LR hydrolysis products
(6) and confirmed these identifications.
The mass spectra of degradation products A and B also

revealed a major fragment ion at M1-151 rather than at
M-135, which corresponds to the loss of PhCH2CHCOCH3
from Adda in (cyclo-) microcystins (19). We suggest that this
ion corresponds to a loss of PhCH2CHCOCH3 from Adda plus
the Adda N-terminal amino group (M-16) of the hydrolyzed
microcystin because of electron delocalization from the 4,6-
conjugated diene. A series of fragment ions corresponding to
the loss of the Adda amino group can be observed in the
MS-MS data for both degradation product A and degradation
product B (Fig. 3). Along with other MS-MS data this provides

FIG. 3. CID MS-MS spectra of microcystin LR (A), degradation product A (B), and degradation product B (C). Rel. Int., relative intensity.

TABLE 2. MS-MS parent ion and daughter ions for microcystin LR

m/z Identity

995.......................M 1 H (cyclo Adda-Glu-Mdha-Ala-Leu-Masp-Arg)
599.......................Arg-Adda-Glu 1 H
553.......................Mdha-Ala-Leu-Masp-Arg 1 H
470.......................Ala-Leu-Masp-Arg 1 H
398.......................Mdha-Ala-Leu-Masp 1 H
375.......................C11H14O-Glu-Mdha 1 H
292.......................C11H14O-Glu 1 H
268.......................Mdha-Ala-Leu 1 H
213.......................Glu-Mdha 1 H
163.......................C11H14O 1 H
155.......................Mdha-Ala 1 H
135.......................PhCH2CHOMe
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evidence which identifies the carboxy-terminal arginine and
alanine in degradation products A and B, respectively, evi-
dence that Adda is N terminal and, therefore, evidence that
microcystin hydrolysis occurs at the Adda-Arginine peptide
bond.
Further support for this proposition can be obtained by

comparing our results with the results of Choi et al. (6) for
several linear peptides isolated from M. aeruginosa. We de-
fined degradation product A as acyclo-microcystin LR on the
basis of hydrolysis of a single peptide bond in the parent cyclic
peptide. The tetrapeptide product B is derived by further hy-
drolysis of product A. Therefore, product A corresponds to
one of two possible linear heptapeptides on the basis of hy-
drolysis of microcystin LR at either the Adda-Arg or Ala-Leu
peptide bond. Choi et al. (6) purified both possible linear
heptapeptides, and each of their sequences was established by
fast atom bombardment MS-CID MS, which resulted in dif-
ferent fragmentation patterns. The fragmentation pattern of
product A illustrated in Fig. 3B determined by ion spray MS-
CID MS contains several prominent ions identical to those in
the fast atom bombardment MS-CID MS spectrum of Adda-
Glu-Mdha-Ala-Leu-Masp-Arg-OH (6). This includes peaks at
m/e 571 (Mdha-Ala-Leu-Masp-Arg-OH), 488 (Ala-Leu-Masp-
Arg-OH), 304 (Masp-Arg-OH), 175 (Arg-OH), and 135
(PhCH2CHOCH3), as well as peaks at m/e 726 and 756 corre-
sponding to C-C fragmentation in the N-terminal Adda. The
arginine peak (m/e 175) of product A is very prominent, which
is consistent with a C-terminal position, while there is no peak
for a C-terminal Mdha-Ala-OH fragment (m/e 173). In con-

trast, the electrospray interface MS-CIDMS spectrum of prod-
uct A (Fig. 3B) has no peaks in common with the fast atom
bombardment MS-CID MS spectrum of Leu-Masp-Arg-Adda-
Glu-Mdha-Ala determined by Choi et al. (6). These compari-
sons establish without a doubt that the acyclo heptapeptide
product A has an N-terminal Adda residue and that the initial
hydrolytic cleavage of microcystin LR by microcystinase takes
place at the Adda-Arg peptide bond.
Addition of the inhibitors benzamidine, leupeptin, E-64,

pepstatin, and soybean trypsin inhibitor had no effect on mi-
crocystin LR degradation. Benzamidine and soybean trypsin
inhibitor are both reversible inhibitors of the trypsin-like en-
zymes of the serine family. Leupeptin also inhibits trypsin-like
serine proteases and most cysteine proteases. Leupeptin and
E-64 are inhibitors of proteases of the cysteine family, while
pepstatin is a specific inhibitor of aspartic proteases, including
cathepsin D, pepsin, and renin (20, 26). Since these inhibitors
had no effect on degradation, these protease families were not
considered active in the degradation of microcystin LR. EDTA
and 1,10-phenanthroline target metalloproteases and metal-
activated proteases by chelating or sequestering the active site
metal atom, commonly zinc (26). Thus, it appeared that both
enzyme 1 and enzyme 3 are metalloproteases or metal-acti-
vated proteases and that enzyme 3 is more susceptible to in-
hibition by EDTA. Enzyme 2, which was inhibited by PMSF,
was assumed not to be a cysteine protease because of a lack of
inhibition by leupeptin and E-64, but rather was assumed to be
a serine protease. Serine proteases may be divided into two
classes, mammalian serine protease family I (including chymo-
trypsin and trypsin) and bacterial serine protease family II,
which includes subtilisin (20). Since the inhibitors benzami-
dine, leupeptin, and soybean trypsin inhibitor, which are spe-
cific for trypsin-like enzymes belonging to serine protease fam-
ily I, had no effect, enzyme 2 was suspected to be a member of
bacterial serine protease family II. These families differ from
each other in their three-dimensional structure despite having
a common active site geometry and enzymatic mechanism (20).
On the basis of the product identifications and the results of

the inhibitor studies, a pathway for microcystin LR degrada-
tion can be proposed (Fig. 5). In this pathway, the three en-
zyme activities identified act sequentially to degrade microcys-
tin LR. In this paper we refer to enzyme 1, which is responsible
for the ring opening of microcystin LR, as microcystinase.
The environmental significance of microcystinase is high-

lighted by the 160-fold reduction in the activity of the parent

FIG. 4. Protein phosphatase inhibition assay for microcystin LR (cyclic) and
its degradation products, linear microcystin LR (linear) and the tetrapeptide
NH2-Adda-Glu(iso)-Mdha-Ala-OH (tetra).

TABLE 3. MS-MS parent ion and daughter ions
for degradation product A

m/z Identity

1,013.............M 1 H (Adda-Glu-Mdha-Ala-Leu-Masp-Arg-OH 1 H)
996.............M 1 H 2 NH3
879.............M 1 H 2 PhCH2CHOMe
862.............M 1 H 2 NH2 2 PhCH2CHOMe
756.............CH3CHCO-Glu-Mdha-Ala-Leu-Masp-Arg-OH 1 2H
726.............CO-Glu-Mdha-Ala-Leu-Masp-Arg-OH 2 2H
571.............Mdha-Ala-Leu-Masp-Arg-OH 1 2H
488.............Ala-Leu-Masp-Arg-OH 1 2H
304.............Masp-Arg-OH 1 2H
286.............Masp-Arg 1 H
213.............Glu-Mdha 1 H
175.............Arg-OH 1 2H
135.............PhCH2CHOMe

TABLE 4. MS-MS parent ion and daughter ions
for degradation product B

m/z Identity

615 ........................M 1 H (Adda-Glu-Mdha-Ala-OH 1 H)
598 ........................M 1 H 2 NH3
566 ........................Adda (2 NH2 2 MeOH)-Glu-Mdha-Ala-OH 1 H
509 ........................Adda (2 NH2)-Glu-Mdha 1 H
477 ........................Adda (2 NH2 2 MeOH)-Glu-Mdha 1 H
464 ........................M 1 H 2 PhCH2CHOMe 2 NH2
426 ........................Adda (2 NH2)-Glu 1 H
375 ........................C11H14O-Glu-Mdha 1 H
297 ........................Adda (2 NH2) 1 H
292 ........................C11H14O-Glu 1 H
213 ........................Glu-Mdha 1 H
173 ........................Mdha-Ala-OH 1 2H
163 ........................C11H14O 1 H
135 ........................PhCH2CHOMe
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FIG. 5. Proposed degradation pathway of microcystin LR, showing the formation of identified intermediate products. The small arrows indicate sites of peptide
hydrolysis. MW, molecular weight.
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(cyclic) microcystin LR when it is converted to the linear (acy-
clo) structure. This is presumably due to an alteration in the
interaction between the molecule and protein phosphatase. It
is interesting that the tetrapeptide product is more toxic than
the linear microcystin and is only about 20 times less toxic than
the cyclic form (Fig. 4). It is known that the conjugated diene
on Adda, with 4E,6E stereochemistry, and the intact glutamate
residue are essential features for maintenance of protein phos-
phatase interaction and toxicity (1). Alterations to other por-
tions of the molecule have little effect on toxicity, except in the
case of the doubly arginine-substituted molecule microcystin
RR, which is about 5 to 10 times less toxic than most other
microcystins (1). Rudolph-Bohner et al. (25) deduced three
possible molecular structures for microcystin LY. These au-
thors demonstrated that a consistent feature of the predicted
structures was a compact planar array of the peptide backbone
Adda-Glu-Mdha. Both linear microcystin LR degradation
products have this backbone. The crystal structure of the pro-
tein phosphatase 1 (PP-1)–microcystin LR complex was pub-
lished recently (9), and microcystin interactions with PP-1 were
found in three distinct regions. The Adda residue of microcys-
tin LR fills a hydrophobic groove at the PP-1 active site,
leucine interacts with the C-terminal groove, and water bridges
provide indirect coordination with two metal ions at the active
site by the carboxylate group and carbonyl oxygen of micro-
cystin LR. A covalent linkage formed between Mdha and an
adjacent cysteine residue on PP-1, which contributed to the
stability of the toxin-enzyme complex, was judged to be not
essential for inhibition on the basis of prior blocking of the
thiol group on the enzyme (30) and blockage of the reactive
Mdha group in microcystin (18). The conformation of micro-
cystin when it is bound to the active site of PP-1 (9) is very
similar to its conformation in solution (2). This probably in-
creases the affinity of microcystin for PP-1 by reducing the
entropy lost upon binding. The tetrapeptide can preserve the
enzyme-inhibitor interactions involving the Adda side chain,
glutamate, and Mdha residues. The three extra residues in the
linear peptide presumably provide little extra binding energy
but have a significant entropic cost. Hence, the tetrapeptide
has a stronger affinity for PP-1 than the acyclo-microcystin has.
Because of the increasing concern regarding cyanobacterial

blooms in reticulated water supplies, the persistence of toxins
in such supplies is of particular importance. A recent study
described the persistence of microcystins in natural waters for
more than 1 month before the endemic bacterial population
degraded the toxins to safe levels (13). Degradation of micro-
cystins by complex natural populations of microorganisms ob-
tained from diverse ecosystems, such as sewage effluent (16),
lake sediment, and water (11, 23), has been demonstrated
previously. We have partially described a pathway by which an
isolated Sphingomonas sp. strain utilizes at least three enzymes
to metabolize the cyanobacterial toxin microcystin LR. Wheth-
er there are other enzymes in this pathway or indeed if there
are other pathways for microcystin degradation is uncertain at
this stage. For example, using HPLC alone, we would not be
able to detect any pathway which involved oxidation of the
4,6-diene or hydrolytic cleavage of Adda from the peptide.
However, the apparent stoichiometric formation of linear mi-
crocystin LR and tetrapeptide suggests that this is the only
microcystin breakdown pathway in this Sphingomonas strain.
The first enzyme in the pathway, microcystinase, appears to be
the most important not only because it opens the otherwise
highly stable cyclic peptide, but also because, as a consequence
of this, it results in a 160-fold reduction in the activity of the
molecule. We also have characterized the molecular genetics
of the degradative enzymes, and microcystinase appears to be

a novel metalloprotease (unpublished data). It is hoped that
the bacterium or specific enzymes can be used in a bioreme-
diation process to remove toxins from important water sup-
plies.
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